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ABSTRACT

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent of the
current coronavirus disease 2019 (COVID-19) pandemic. It is known that the receptor-binding
domain (RBD) of the spike protein of SARS-CoV-2 interacts with the human angiotensin-
converting enzyme 2 (ACE2) receptor, initiating the entry of SARS-CoV-2. Since its emergence,
a number of SARS-CoV-2 variants have been reported, and the variants that show high infectivity
are classified as the variants of concern according to the US CDC. In this study, we performed
both all-atom steered molecular dynamics (SMD) simulations and microscale thermophoresis
(MST) experiments to characterize the binding interactions between ACE2 and RBD of all current
variants of concern (Alpha, Beta, Gamma, and Delta) and two variants of interest (Epsilon and
Kappa). We report that the RBD of the Alpha (N501Y) variant requires the highest amount of
force initially to be detached from ACE2 due to the N501Y mutation in addition to the role of
N90-glycan, followed by Beta/Gamma (K417N/T, E484K, and N501Y) or Delta (L452R and
T478K) variant. Among all variants investigated in this work, the RBD of the Epsilon (L452R)
variant is relatively easily detached from ACE2. Our results combined SMD simulations and MST
experiments indicate what makes each variant more contagious in terms of RBD and ACE2
interactions. This study could help develop new drugs to inhibit SARS-CoV-2 entry effectively.
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Reported in late 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged
and has rapidly infected people around the world. As of mid-July 2021, 192 million cases and 4.13
million deaths have been reported globally.! Despite worldwide efforts to overcome the current
coronavirus disease 2019 (COVID-19) pandemic, the rise of various SARS-CoV-2 variants may
become futile the efficacy of vaccination and other countermeasures.

SARS-CoV-2 virus utilizes receptor-binding domain (RBD) of S1 protein, a part of trimeric spike
(S) glycoprotein,”? for viral entry through the RBD interaction with the human receptor
angiotensin-converting enzyme 2 (ACE2). Since ACE2 can interact with the RBD of both SARS-
CoV-2 and SARS-CoV-1 (the virus caused the 2002-2004 SARS outbreak), there have been many
studies not only to understand binding interactions between RBD and ACE2, but also to
characterize the difference between SARS-CoV-1 and SARS-CoV-2.46

In September 2020, Alpha variant, lineage B.1.1.7, was first detected in southeast England and
quickly became a populated lineage in the United Kingdom. The variant has been subsequently
detected in the United States in December 2020.7-® Beta variant, lineage B.1.351, was first detected
in South Africa in May 2020 and found in the United States at the end of January 2021.° At that
time, there was another identified Gamma variant, which is known for lineage P.1,'%!! in the
United States that was initially found in Japan from a traveler from Brazil. In November 2020,
Epsilon variant, lineage B.1.427, was detected in California in the United States.'? Recently, two
additional variants, Kappa (lineage B.1.617.1) and Delta (lineage B.1.617.2), first identified in
India at the end of 2020, were detected in the United States.!? Since the emergence of diverse
SARS-CoV-2 variants, Alpha, Beta, Gamma, and Delta variants are classified as the variants of
concern by the US CDC due to their high infectivity.

To better understand the highly contagious characteristics of these variants, several studies have
been performed experimentally and computationally.!*!'® For example, Tian et al. conducted an
experimental and computational study to capture the role of N501Y mutation in Alpha, Beta, and
Gamma variants.'* They suggested that the m-m interactions and m-cation interactions are
responsible for the enhanced interactions between RBD and ACE2. However, only the N501Y
mutation was examined in their study, although other potentially important mutations have
emerged. More recently, Socher et al. performed energy decomposition analysis from molecular
dynamics simulations to compare the interaction energies between ACE2 and RBD of Alpha, Beta,
and Gamma variants.'> They investigated each specific mutation, N501Y, K417N/T, and E484K,
and reported that F486, Q498, T500, and Y505 in RBD are important residues across viral variants
in the RBD-ACE2 interface.

In this study, using all-atom steered molecular dynamics (SMD) simulations and microscale
thermophoresis (MST) experiments (see Supporting Information Methods), we report the
differential interactions between human ACE2 and RBD of SARS-CoV-2 of all variants of concern
(Alpha, Beta, Gamma, and Delta) as well as two variants of interest (Epsilon and Kappa). The
study also provides a better understanding of such differences at the molecular level.
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Figure 1. (A) Average force profiles of WT (red), Alpha (blue), Beta (orange), Gamma (sky blue),
Epsilon (green), Kappa (pink), and Delta (gray) variants as a function of the distance between the
centers of mass of RBD and ACE2. (B) Initial snapshot of WT. Residues subjected to each
mutation are shown as solid sticks (N501, K417, E484, L452, and T478). RBD and ACE2 are
respectively colored in light gray and yellow. All N-glycans, water, and ions are hidden for clarity.
(C) Initial snapshot of WT with clockwise 90° rotation along the normal from (B). All N-glycans
are depicted in different colors. Any other residues, water, and ions are not shown for clarity.

To gain molecular insight into the difference of all variants that are classified as the variants of
concern (Alpha (first identified in United Kingdom, B.1.1.7: N501Y), Beta (first identified in
South Africa, B.1.351: K417N, E484K, N501Y), Gamma (first identified in Japan/Brazil, P.1:
K417T, E484K, N501Y), and Delta (first identified in India, B.1.617.2: L452R, T478K)) and two
additional variants of interest (Epsilon (first identified in US-California, B.1.427: L452R) and
Kappa (first identified in India, B.1.617.1: L452R, E484Q)), pulling force analysis was performed
on each RBD-ACE2 complex (Figure 1A) as a function of distance (D) between the centers of
mass of RBD and ACE2 proteins. Our fully-glycosylated S RBD-ACE2 complex model (Figure
1B,C) was employed for the pulling simulation.!” As shown in Figure 1A, most variants have
increased force profiles than WT except for the Epsilon variant, indicating that the variants have
strengthened interactions with ACE2. It should be noted that the amount of initial force at D = 53
A shows a good match with our previous WT study,* where we utilized only the N-linked glycan
(N-glycan) core structure for all N-glycans. In this study, we used the most probable N-glycan
structures (Figure 1C) that are larger than the core structure.

Figure 1A shows that, at D = 53 A, Alpha variant clearly requires the highest initial force to pull
the RBD-ACE2 complex in the opposite direction. The difference can be explained in Figure 2B,
a two-dimensional contact map between RBDA"2 and ACE2 at D = 53 A, where RBD Y501
presents increased interactions with ACE2 Q42, Y41, and D38. Such contacts are decreased or
even lost in the case of RBDYT or RBDFPsion Jacking the N501Y mutation (Figure 2A,D). To
quantify the contact frequency between RBD residue 501 (N501 for WT, Epsilon, Kappa, and
Delta; Y501 for Alpha, Beta, and Gamma) and ACE2, the number of heavy atom contacts was
calculated (Figure 3A). The contact was counted if RBD residue 501 is positioned within 4.5 A
of heavy atoms of key interacting residues of ACE2 protein. Notably, Y501 of Alpha, Beta, and
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Gamma variants retain more contacts (about 40%) than N501 of WT, Epsilon, Kappa, and Delta
variants. As shown in Figure 3B,C, Alpha Y501 is located closer to ACE2 Y41 and K353 than
WT N501 at D =53 A, and thus, it has the n-r and n-cation interactions with neighboring Y41 and
K353. On top of the Y501-ACE2 interactions, RBDAPh? also contains the highest amounts of
contacts with ACE2 N90-glycan (Figure S3), which could be the reason why it has been reported
as the most common lineages by June 19, 2021, among the estimated proportions of SARS-CoV2
lineages according to the US CDC,'® even though this study considers only single RBD out of
trimeric SARS-CoV?2 S protein.

A

100% B

100%

Rags [ T — e R393 [ T T 5
R357 4 R357
D355 - 10 x| [ 90% D355 |- Alp ha 2 L au | [ 90%
G354 - 49 G354 - EED
K353 - 2 ® 80% K353 - 4 0 B2 80%
N330 - B N330 - [ B
T324 - 2 70% T324 - O 70%
Y83 - Y83 B
m82 . m82 .
L79 - 2 S 8 60% L79 - w B 60%
145 - s a2 R L45 - a2 ,
N N
[ Q42 . 4 L 150% I Q42 . 3 H 150%
2 Y41 - f g:) Y41 |- B
D38 -~ 56 2 38 (50 18 4L laon D38 - 29 2 48 28 B |a0%
E37 - B E37 [
E35 - 4 5 B E35 - 4 2 B
L |30% 130%
H34 - [ s 4 ° H34 |- B s , i
K31 5 K31 [
D30 [76] 20% D30 [&] 20%
F28 - 8 12 [48 F28 | 7 a4 B
T27 ‘ 8 L |10% T27 2 2 110%
Q24 - ERET D - 53 Af Q24 + 2 & D — 53 A*
SO0 L i 11 Jow S19 1 R P : 10 low
OO ON~NDANOMN OWO© oo OND®OO 0o = N W VOO N~NDANMWNDOWOTFTONDN O D0 o |N WV
OQOr T o TOULVLOLLNNEN VOO RO QL QT T TOULUDOVDLUNNEN 0D RR SR D
SRITTITITISETIZISSIRZGE Eﬁ@iijijii@ﬁﬁi‘z’iéﬁéﬁ@ﬁ
c R393 - T ] 100% D R393 [ rr ! 2| 100%
R357 4 B R357 |- 1 ]
s Beta ‘B | B e Epsilon “m o
G354 - 25 3% G354 6 7 12 6
K353 - 2 20 12 14 80% K353 - 21 18.36 48 14 27 80%
N330 - B N330 |- 1 -
T324 s 70% T324 70%
Y83 Y83
m82 - 1 B M82 |- , 5
L79 - 13 36 = 60% L79 + 14 24 - 60%
145 - 5 - L45 - 2 78 8
N e 7 s [ | {s0% N et 2 2 1= 150%
O va1 - 4 4 QO vap 5 2 % 18 4
< 3. s w0 e 11 la0% < pas| ) sfmle v g B0y
E37 - ] E37 - 1
E35 - s 2 B E35 - 2 B
H34 - 43 2 2| 30% H34 | 16 58 58 3 3 1 30%
K31 1 K31 [ 8] s
D30 w L 20% D30 2 o 45 120%
F28 - B 6 |4 R F28 |- s [82
T27 4 L 110% T27 5 ° 110%
Q24 - 8 27 D - 53 A— Q24 - ) 2 D — 53 A’
S190 L L dow S19 ¢ R Cooe L Jow
O ON~NDANMWO © WO oSO DNO© 0 o —(N v OO ON~NDINO WD OW O oSO DDNO©D0o — N W
Q- STV NENDDOORODDDRSIL O Q- T o F(VLVOLUNENDVDOORPODR2D2DS QIO
zzaa;z:nwaa;;asaam ww:nnam:gasaaa%s

RBD

Figure 2. Two-dimensional contact maps at D = 53 A. (A) Interacting residue pairs between
RBDWT and ACE2. RBD residues subjected to mutation are shown in colored boxes at the bottom:
(B) blue for Alpha, (C) orange for Beta, and (D) green for Epsilon. The contact frequency is
numbered with colors from light blue to dark blue. Dark red and yellow colors on the map
respectively represent increased and decreased interactions between RBD and ACE2 upon
mutations.
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The force profiles of Beta and Gamma variants at D = 53 A present weaker maximum forces than
the Alpha variant, although they show higher forces than WT at the same distance (Figure 1A).
As shown in Figure 2B,C, Alpha and Beta variants include N501Y mutation, while Beta variant
involves two additional mutations, K417N and E484K. Clearly, compared to WT or Epsilon, Y501
of Beta variant has increased interactions (colored in dark red box) with ACE2 D38, Y41, and Q42,
similar to Alpha variant. However, it entails decreased contact frequency (shown as the yellow
box) between RBDB¢ N417 and ACE2 D30/H34, as well as RBDB**? K484 and ACE2 K31, which
could be explained why Beta has relatively weaker interactions than Alpha. Gamma variant also
shows decreased contact numbers similar to Beta due to its K417T mutation (Figure S2A). The
only difference between Gamma and Beta is the K417 mutation, i.e., K417T vs. K417N. Figure
3D compares the number of contacts of residue 417 of all variants that are in contact with heavy
atoms of key interacting residues of ACE2. While all other variants containing K417 (i.e., WT,
Alpha, Epsilon, Kappa, and Delta) display some contacts between RBD and ACE2 from 50 to 60
A, few interactions were found for the Beta variant. The sidechain-shortening mutation from lysine
to asparagine could have an impact on the RBD-ACE2 interface, resulting in fewer interactions at
the same distance (Figure 3E,F). Interestingly, T417 of Gamma shows almost no interaction
because threonine is even shorter than N417 of Beta. The weakened interactions of RBDB*'2 N417
and RBD%™ma T417 could make them less contagious than the Alpha variant, while the N501Y
mutation still allows them to have a strong enough potential to interact with ACE2. This could
explain why/how the Gamma variant took the second-highest portion by June 5, 2021, among the
estimated proportions of SARS-CoV2 lineages, provided by the US CDC.'®
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Figure 3. (A) The average number of contacts between RBD residue 501 and ACE2. (B and C)
Representative snapshots at D = 53 A of (B) Alpha variant and (C) WT. (D) The average number
of contacts between RBD residue 417 and ACE2 and (E and F) their interacting residue pairs at D
= 53 A of (E) Beta and (F) Alpha variants. (G) The average number of contacts between RBD
residue 478 and ACE2 and (H and I) key interaction pairs at D = 78 A of (H) Delta and (I) Epsilon
variants. The overall color scheme is the same as in Figure 1, and each mutated residue in each
variant is shown using the same colors (i.e., red for WT, blue for Alpha, orange for Beta, green for
Epsilon, and gray for Delta). Interacting residues are depicted as the solid sticks and residues losing
their interactions are shown as the transparent sticks. RBD and ACE2 are presented in light gray
and yellow, respectively.

Although most variants show similar maximum forces around D = 53 A, the Epsilon variant shows
decreased forces with more fluctuations than other variants (Figure 1A). The two-dimensional
contact map in Figure 2D confirms its distinct interactions at D = 53 A, as it shows the least
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number of contacts between RBDFPsion and ACE2 (n.b., the yellow box represents deceased
interactions). For example, K353 residue of all other variants is actively interacting with ACE2
Q493, Q496, Q498, T500, N/Y501, G502, and Y505 (Figure 2A,B,C and Figure S2A,B,C). K353
of Epsilon, however, lost its contact with corresponding residues at least by 50%. To investigate
the mechanism behind such a big difference, the contact analysis in between RBD residues was
performed, where the influence of the L452R mutation was examined by checking its contacts
with surrounding residues, L450 and L492 (Figure S4). Interestingly, mutated R452 interacts more
with L450 (Figure S4C) and less with L492 (Figure S4A) simultaneously. Note that L450 and
L492 are positioned in different B-strands (Figure S4B,D colored in green and orange,
respectively), and the L452R mutation makes the RBD-ACE2 interface unstable by shortening
each B-strand (i.e., the length of interacting B-strands of Epsilon variant is decreased by almost
half). Because of such a less stable RBD structure, the Epsilon variant appears to be detached from
ACE?2 easier than WT. Indeed, K353 of Epsilon variant lost contacts with ACE2 Q498 and Y505
at D =55 A (Figure S4D), but WT holds their interactions at the same distance (Figure S4B). As
of June 29, 2021, according to the US CDC, the Epsilon variant deescalated from the variants of
concern and became the variants of interest since its considerable decrease in terms of lincage
proportion in the United States.

Newly reported Kappa and Delta variants display the same L452R mutation as Epsilon, but each
variant contains an additional mutation, E484Q (Kappa) or T478K (Delta). Even though both
Epsilon and Kappa/Delta variants share L452R mutation, Kappa and Delta variants show similar
trends in force profiles to WT from D = 55 A to 75 A (Figure 1A). Specifically, the two-
dimensional contact maps of Kappa and Delta variants (Figure S2B,C) display almost identical
interaction patterns to WT between ACE2 K353 and RBD residues (i.e., Q493, Q496, Q498, T500,
N/Y501, G502, and Y505), while Epsilon variant at D = 53 A (Figure 2A,D) does not. It should
be noted that this difference between Kappa/Delta and Epsilon might stem from the limitation in
our model in this study, as we only employed L452R mutation in RBD for Epsilon variant without
D614G mutation.

The Delta variant, interestingly, shows distinct features that are not found in other variants. Upon
the T478K mutation, it requires the highest force for the RBD-ACE2 complex to be completely
dissociated at D = 78 A (Figure 1A). In order to see what makes the difference, the number of
contacts between RBD residue 478 and heavy atoms of selected key interacting residues of ACE2
was calculated. As shown in Figure 3G, RBDP!? exclusively makes more contacts with ACE2
than other variants. Figure 3H shows that Delta K478 retains contacts with ACE2 P84 and M§&2
at D =78 A, but Epsilon T478 already lost such interactions. It is possible that residue 478 located
in the flexible loop could first have a chance to contact with ACE2, and the stronger interactions
of Delta K478 with ACE2 could explain the reason why the proportion of Delta variant is recently
dramatically being increased with high infectivity. The Delta variant recently became the current
variants of concern, and it took the highest portion among the estimated variant proportions as of
July 3, 2021, according to the US CDC.'3


https://doi.org/10.1101/2021.07.23.453598
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.23.453598; this version posted July 26, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

40 | 1.15
Ke [] 11
33 A A 1.10
30 11.05
_. 25 A 4] 11.00
= [I] L
= 1095 T
E 200 s
LL
5l %; 10.90
ol - 10.85
10.80
5 ,< ! L | | .
& @ £ & &
N < Q,QGJ *Jr(bQ Q

Figure 4. Binding affinities between RBD variants and ACE2 and its comparison with the
simulation results. Kq is obtained from microscale thermophoresis experiments. Fw1/F is a ratio,
where Fwr and F are the respective maximum pulling force of WT and of each variant obtained
from the SMD simulations.

To validate the SMD simulation results, we conducted an experimental protein binding assay using
microscale thermophoresis (MST). MST detects molecular binding kinetics based on the
thermophoretic movement of molecules induced by a microscopic temperature gradient inside a
glass capillary generated by an infrared laser.!” MST has been used for detecting viral protein-
receptor interactions,?’ including SARS-CoV-2 S proteins.?! In our assay, human recombinant
ACE2 was fluorescently labeled, and various RBD variants were titrated in a two-fold fashion and
mixed with the ACE2. The MST signal was first converted to saturated fraction data and
subsequently fitted to a first-order 1:1 binding kinetics model using the manufacturer's software
(Figure S5). The binding affinities of ACE2 and RBDWYT were detected to be 27.5 + 4.8 nM
(Figure 4). This value is in agreement with a reported K4 range of 5-40 nM measured by surface
plasmon resonance.?? Importantly, our MST data indicate that Alpha variant binds ACE2 with a
2.3-fold higher affinity (11.8 £ 0.8 nM) than WT. The rest of the variants show slightly different
affinity from WT. Beta and Delta variants display approximately 20-30% higher affinities than
WT, and Epsilon variant shows a 15% lower affinity than WT. In Figure 4, K4 from MST
experiments were directly compared with the Fw1/F ratio from the SMD simulations, where Fwr
and F are the maximum pulling forces of WT and each variant around D = 53 A (Figure 1A). Our
MST affinity data are consistent with the SMD simulation data, indicating Alpha and Epsilon
variants possess the strongest and weakest binding to ACE2, respectively.

In summary, we characterized interactions between ACE2 and RBD of all variants that the US
CDC classifies as the variants of concern and variants of interest. Our results indicate that Alpha
variant requires the highest force for initial separation from ACE2, followed by Beta and Gamma
variants or Delta variant. K417N/T mutations of Beta and Gamma appear to make the RBD-ACE?2
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interactions less strong compared to Alpha variant. In addition, Epsilon variant is likely to be
relatively easily dissociated from ACE2 than others due to its destabilized RBD structure upon the
L452R mutation. In addition, Delta variant specifically shows stronger interactions with ACE2
than other variants at a relatively far distance between RBD and ACE2. Our MST experiments
show consistent results with the simulation results, where Alpha and Epsilon variants display the
strongest and weakest binding to ACE2, respectively. This study provides valuable information
that distinguishes important features of all variants and their interactions with ACE2.
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